Development of chemoresistance is a cogent clinical issue in oncology, whereby combination of anticancer drugs is usually preferred also to enhance efficacy. Paclitaxel (PTX), combined with carboplatin, represents the standard first-line chemotherapy for different types of cancers. We here depict a double-edge role of mitochondrial DNA (mtDNA) mutations induced in cancer cells after treatment with platinum. MtDNA mutations were positively selected by PTX, and they determined a decrease in the mitochondrial respiratory function, as well as in proliferative and tumorigenic potential, in terms of migratory and invasive capacity. Moreover, cells bearing mtDNA mutations lacked filamentous tubulin, the main target of PTX, and failed to reorient the Golgi body upon appropriate stimuli. We also show that the bioenergetic and cytoskeletal phenotype were transferred along with mtDNA mutations in transmitochondrial hybrids, and that this also conferred PTX resistance to recipient cells. Overall, our data show that platinum-induced deleterious mtDNA mutations confer resistance to PTX, and confirm what we previously reported in an ovarian cancer patient treated with carboplatin and PTX who developed a quiescent yet resistant tumor mass harboring mtDNA mutations.
Introduction
Onset of chemoresistance is a cogent issue in clinical oncology and a number of different human neoplasms are treated with more than one anticancer drug with the aim of preventing resistance. One of the most widely used combination of antineoplastic agents is formed by platinum-derived compounds such as Cisplatin (cis-Pt) and taxanes such as paclitaxel (PTX), which are administered in the case, among others, of Non-small Cell Lung cancer (NSCLC) (1), esophageal cancer (2) and ovarian cancer (OC) (3) . Platinum compounds are inducers of DNA adducts that impede DNA replication and transcription, whereas PTX is a microtubules disassembly inhibitor. Cancer cells typically present high proliferation rates that render them more susceptible to these anticancer drugs compared to normal cells (4) . Intrinsic and acquired resistance to chemotherapy is nonetheless the major obstacle for successful therapy. For instance, in the case of OC, initially nearly 75% patients respond favorably to combined chemotherapy, but subsequently a large number acquires resistance (3) .
Previous studies revealed that cis-Pt can also accumulate in mitochondria inducing cis-Pt-mitochondrial DNA (mtDNA) adducts (5) that may damage mtDNA and generate mutations that may ultimately provide an energetic dysfunction contributing to metabolic remodeling (6) . MtDNA mutations are frequently associated with virtually all types of cancer as somatic events (7) and changes in the metabolic status of cancer cells and in tumorigenic potential in vivo are closely related to the degree of respiratory chain defect, which in turn depends on the specific type of mtDNA mutation (8) . Studies of energetic metabolism clearly indicate that cancer cells, which often prefer aerobic glycolytic metabolism, are able to shift from glycolysis to reestablished oxidative metabolism during waves of cancer progression (9) , suggesting that a certain degree of mitochondrial function and wild-type mtDNA must be maintained (8) . Interestingly, disruptive mtDNA mutations are genetic hallmarks of oncocytic tumors, a class of neoplasms usually displaying a low-proliferating, non-invasive behavior (10) , where they contribute to keeping cancer cells in a low-metabolism quiescent state through an oncojanus effect (11) .
We previously reported the acquisition of an oncocytic phenotype in a residual OC mass after carboplatin/PTX chemotherapy (12) , associated with occurrence of a respiratory complex I (CI) disruptive homoplasmic mutation in the MT-ND4 gene occurring exclusively in the post-chemotherapy residual nodule. We hypothesized that this mutation might determine an energetic defect which may represent an advantage in the selection of a resistant tumor clone since PTX may be less effective on non-proliferative cells, suggesting a correlation between an inefficient mitochondrial oxidative metabolism and the acquisition of PTX resistance (12, 13) .
In this study, we modeled what we previously observed to occur in vivo (12) starting from a cancer cell line of gynecologic origin (C13) treated with platinum, which shows accumulation of mtDNA mutations. We demonstrate that such platinuminduced mtDNA lesions imply a bioenergetic deficit that contributes to reduce cell proliferation and to hamper cytoskeletal organization, thus increasing PTX resistance as a drawback, tracing a causative link between occurrence of pathogenic mtDNA mutations and onset of chemoresistance upon cis-Pt/ PTX combined therapy. We further show that such a bioenergetic and cytoskeletal phenotype is transferred along with the mtDNA mutations in cancer cells with a different nuclear background by the means of trans-mitochondrial hybrids (cybrids), where it confers PTX resistance.
Results
Platinum-induced mtDNA mutations confer resistance to PTX along with a lower replicative and tumorigenic potential and are positively selected by PTX treatment
With the aim to validate the hypothesis that platinum compounds may lead to accumulation of mtDNA mutations, we used the 2008 cell line and its syngenic cis-Pt resistant counterpart C13. Whole mtDNA sequencing of both cell lines confirmed exclusively in C13 the occurrence of two heteroplasmic mutations, namely the m.13828C > T in MT-ND5 and the m.8156G > T in MT-CO2, subunits of respiratory CI and complex IV (CIV), respectively ( Fig. 1A) (14) . Lack of these mutations in 2008 cells was confirmed by the measurement of fine heteroplasmy using Denaturing High Performance Liquid Chromatography (DHPLC) (Supplementary Material, Fig. S1A ). Both mutations imply an amino acid change, p.498Leu > Phe for the m.13828C > T and p.191Val > Leu for the m.8156G > T, and have a nucleotide variability value of zero according to HmtDB, indicating they were novel and possibly pathogenic. In order to understand whether the heteroplasmy was cell-based or rather population-based, i.e. whether each C13 cell has the same degree of heteroplasmy or two different C13 subpopulations coexist with different heteroplasmy levels, we dilution-cloned C13 and sequenced mtDNA obtained from reexpanded clonal populations. Most clones were still heteroplasmic as the parental C13, however several of them, renamed C13 hom (Fig. 1A) , harbored both mutations in homoplasmy. These findings suggested that both lesions co-occur on the same mtDNA molecule and that their homoplasmic status may cause an OXPHOS damage. Following our initial hypothesis, we focused from here onwards on C13 and C13 hom , and proceeded to test their sensitivity to PTX. Interestingly, C13
hom displayed a significantly lower proliferation rate (Fig. 1B) , which was concordant with a much higher PTX IC50 than C13 (3nM compared to 1 nM of C13 - Fig. 1C ), and they appeared to be poorly affected by the same drug concentration that, instead, blunted colony formation of C13 in a clonogenic assay ( Fig. 1D-E) . Similarly, anchorageindependent growth of C13 only was hampered by PTX treatment (Fig. 1F-G ). We were hence prompted to understand whether upon PTX treatment the C13 homoplasmic subpopulation would be positively selected. To this aim, we treated C13 cells with 3nM PTX for 7 days and picked the surviving cells. Re-sequencing of mtDNA revealed that the surviving C13 population was nearly homoplasmic for both mutations (Fig. 1H) . Overall, these findings point to the achievement of a homoplasmic condition of mtDNA mutations as a strong selective advantage during PTX treatment. Further, the appearance of chromatin condensation and fragmentation found in C13 cells suggests that they are more prone than C13 hom to undergo to an apoptotic type of cell death after PTX treatment (Fig. 1I) . These results were confirmed by using an Annexin V (AV) and Propidium Iodide (PI) staining assay in flow cytometry (Fig. 1J ). Indeed, a striking increase of AV/PI double positive cell population was observed only in C13 cells after 24 h of treatment with 3nM PTX (quadrant top right C13 treated cells), indicating the occurrence of late apoptotic events (Fig. 1J ).
Resistance to PTX is transferred along with mtDNA mutations and with a slower oxidative metabolism, independently from ROS production
To ensure that the homoplasmy of the two mutations results in an actual functional impairment, the bioenergetic competence of C13 hom and C13 cells was determined. Basal and FCCP Data are presented as mean 6 SD normalized to T0 (n ¼ 3; *P < 0.05; **P < 0.01). (D) Capacity of C13 and C13 hom cells to form colonies analyzed in basal conditions. Data are presented as mean absolute value 6 SD (n ¼ 3; *P < 0.05). Magnifications 1Â and 10Â are shown. (E) Capacity of C13 and C13 hom to form colonies analyzed upon 1 nM PTX treatment. Data are presented as mean percentage of residual colonies normalized to untreated control 6 SD (n ¼ 3; *P < 0.05). Magnifications 1Â and 10Â are shown. (F) Capacity of C13 and C13 hom to grow in anchorage-independent manner in basal conditions. Data are presented as mean absolute value 6 SD (n ¼ 3; *P < 0.05). stimulated respiration, and spare respiratory capacity were significantly reduced in C13 hom , whereas their glycolytic function and the level of lactate was comparable between hetero-and homoplasmic cells ( Fig. 2A-C MtDNA-mutated cells display a lower motility and migratory capacity associated with their slower metabolism
To delve into the mechanisms underlying PTX resistance associated with the respiratory dysfunction in homoplasmic cells, we performed non-hypothesis based, large-scale proteome and metabolome analyses on C13 hom and C13. The proteome pattern showed that two functional gene ontology (GO) categories were significantly altered between the two cell lines, the first being the TCA cycle (Fig. 3A , Tables 1 and 2 ). Mitochondrial fumarate hydratase (FUMH) and pyruvate carboxylase (PYC) were significantly decreased in C13 hom cells, suggesting a slower TCA cycle with an impaired anaplerosis, as PYC contributes to the replenishment of oxaloacetate. Concordantly, all TCA cycle metabolite levels were decreased in C13 hom cells as measured by a metabolome analysis (Fig. 4) , with the exception of succinate. Interestingly, the enzyme that produces succinate, i.e. a-ketoglutarate (a-KG) dehydrogenase (ODO1) was the only enzyme of the TCA cycle which resulted to be significantly increased in the proteome analysis, suggesting that homoplasmic cells are probably forced to use glutaminolysis to produce a-KG and in turn re-establish succinate levels, as it has been shown in cells with deleterious mtDNA mutations (6) . These data clearly support an overall impairment of mitochondrial oxidative metabolism in C13 hom cells, which determines a lower ability of these cells to perform a sustained replication activity. Interestingly, the other GO category that was found significantly changed in C13 hom cells was the Regulation of actin cytoskeleton, which suggested that C13 hom cells remodulate cytoskeletal proteins. In particular, in C13 hom vinculin (VINC), cofilin (COF1) and profilin (PROF1) were upregulated while ezrin (EZRI) and moesin (MOES) were downregulated ( Table 2 , Fig. 3B ). Furthermore, other actin cytoskeleton regulators changed their expression in C13 hom . Indeed, Heat Shock Protein Beta-1 (HSB1) and Annexin2 (ANXA2) increased, while F-actin-capping protein subunit beta (CAPZB) decreased ( Table 2 ). All these changes negatively affect cell migration, invasion and metastasis, although in different ways, as previously reported (16), and are consistent with a more quiescent and less invasive phenotype of C13 hom . Although actin cytoskeleton is not the target of PTX, it is known that microtubules, microfilaments and intermediate filaments communicate continuously and are linked together by cytolinkers (17) . Thus, changes in tubulin cytoskeleton are likely to affect also other cytoskeletal elements. Also, considering the interactions between mitochondria and actin and the fact that actin dynamics can be regulated by mitochondria (18) , mtDNA mutations selected by PXT may indeed affect actin cytoskeleton. Western blot analyses confirmed the proteomic results as well as the assumption that C13 hom cells attempt to achieve a quiescent, rather than an overt tumorigenic proliferative state. Cyclin D1 (CCND1) was indeed nearly absent in C13 hom compared to C13 cells ( Fig. 3B ), reinforcing the hypothesis that these cells have a much slower progression through the G1/S phase of the cell cycle. Moreover, phosphorylation of ERK was found markedly decreased, suggesting these cells to have a lower tumorigenic potential (Fig. 3B ). The decreased expression of E-and N-cadherin in C13 hom cells (Fig. 3B ) was further indicative of a lower invasive and metastatic potential compared with C13, in agreement with their lower migratory capacity as shown in vitro (Fig. 3C ). Lower expression of N-cadherin has been previously reported to inhibit invasiveness in different types of tumors (19) . Instead, low expression of E-cadherin is usually associated with increased malignancy and invasiveness, but, at variance, in a few types of cancer, high E-cadherin expression correlates with invasiveness (20) .
Platinum-induced mtDNA mutations induce a derangement of tubulin fibers and an impairment of Golgi motility
Last, we reasoned that cells whose sensitivity to PTX was decreased may have a lower capacity of assembling and disassembling microtubules. We hence challenged homoplasmic and heteroplasmic cells to activate microtubular function by performing a wound healing assay during which we observed the reorganization of tubulin as well as the polarization of the Golgi body, which is known to focally reorient towards the migration trajectory. Interestingly, the morphology of tubulin fibers was different in heteroplasmic versus homoplasmic cells, regardless of the nuclear background.
Indeed, C13 and HC13 displayed a canonical filamentous tubulin network (Fig. 3D , panels a and c and relative zoomed areas a.1 and c.1), whereas their homoplasmic counterparts showed a dotted pattern, with filamentous microtubules being nearly absent (Fig. 3D , panels b and d and relative zoomed areas b.1 and d.1). These differences were more pronounced in the two cybrids HC13 and HC13 hom (Fig. 3D , panels c-d) than in C13 and C13 hom (Fig. 3D , panels a-b), probably because of the C13 heterogeneous composition in terms of coexistence of homo/ heteroplasmic-mutated subpopulations.
To test whether the tubulin asset was functional in driving organelle movement, we performed also immunofluorescence analysis using antibodies against giantin, an integral component of the Golgi membrane in order to highlight the Golgi body.
We also used fluorescent phalloidin, a drug tightly and selectively binding to filamentous actin in order to observe cell morphology and DAPI to stain nuclei. Giantin labeling revealed that C13 and C13
hom are characterized by a fragmented Golgi (Fig. 3E , panel a-b) while cybrids show a canonical Golgi staining of large perinuclear structures (Fig. 3E panel c-d ). To monitor reorientation of the Golgi, 6 h after the induction of cell migration by scratching the cell monolayer, we scored the cells facing the wound. C13 cells promptly reoriented all small Golgi fragments labeled by giantin towards the leading edge of migration (Fig. 3E, panel a) . By contrast, most of C13 hom facing the wound presented the Golgi fragments distributed all around the nucleus without polarization (Fig. 3E, panel b) . HC13 cells facing the wound, like C13, were able to reorient the Golgi apparatus towards the leading edge 6 h after the wound (Fig. 3E, panel c) while only few HC13 hom cells displayed a polarized distribution (Fig. 3E, panel d ) Overall, these data suggested that mtDNA mutations in homoplasmy were uniquely responsible for an impaired microtubular phenotype, with homoplasmic cells being less able to migrate due to a cytoskeleton impairment.
Discussion
In this paper, we show that mtDNA mutations that impinge on the metabolic features of cancer cells, occurring after treatment with platinum compounds, are able to confer resistance to PTX, as they induce the inability to trigger the intracellular modifications needed to migrate and invade. Our study stems from an in vivo observation of an OC patient who had developed a quiescent yet resistant mass after being treated with PTX and carboplatin, in which a somatic mtDNA deleterious mutation had accumulated to near-homoplasmy (12) .
Both platinum-derived compounds and PTX are the preferential combinatorial treatment for several types of human neoplasms, and particularly are in the first line for OC, recently in further association with bevacizumab (21) . It is however neglected that platinum acts to modify mtDNA as well as nuclear DNA, and it is likely that such damage persists as mtDNA is less prone to be efficiently repaired. Very few studies report the consequences of the use of platinum on the occurrence of mtDNA mutations (22), while they do not correlate the latter to resistance to other drugs. Although it has been reported that mtDNA mutations may predispose to a chemoresistant phenotype, likely through causing a diminished capacity of undergoing mitochondria-dependent apoptosis (23) , it is often neglected in these studies that accumulation of mtDNA lesions has invariably an impact on the cancer cell metabolic reprogramming (24) . Notably, the type of mtDNA mutation is a pivotal feature in determining a cell fate (8) . In this context, it is plausible that a severe mutation that decreases or does not alter promitogenic ROS production be favorably selected during a chemotherapic course aimed at targeting actively dividing cancer cells. Indeed, by causing a metabolic slowdown, highly deleterious mtDNA mutations act with oncojanus features (11), rendering cells quiescent/dormant (25) and therefore more resistant to agents such as PTX. Interestingly, overall, the combinatorial therapy, or at least platinum, may act like a selective pressure on cancer cells, favoring cells with a higher burden of mtDNA mutations and a slower metabolism. Such features, which are typical of dormant cancer cells, associate with a decrease, yet likely transient, in tumorigenic potential (25) . Most interestingly, homoplasmic mtDNA lesions were sufficient to induce a significantly lower ability to rearrange the intracellular components to foster migration, which is essentially based on cytoskeletal remodeling. These data are supported by previous findings indicating a close link between different cytoskeletal elements and mitochondrial biogenesis and demonstrating the existence of a regulation mediated by mitochondria of the actin cytoskeleton (18) . Tubulin, the main target of PTX, was profoundly affected in the presence 
LGALS3 1.9 *** MT/T of homoplasmic mtDNA mutations, and although the direct mechanistic link was not the focus of this paper, the most plausible hypothesis is that a decreased energy capacity of these cells may slow down the highly energetic processes at the basis of cancer cell migration. It is not surprising that, therefore, these cells should respond less to PTX, as they dwell in a quiescent state that may likely be subsequently reactivated when therapy is released and mtDNA mutations shift back towards wild-type. In this frame, such subclones would be responsible for relapses at a later stage. To further support this picture is the notion that, unlike for nuclear genes, mtDNA mutations more easily revert, as pure homoplasmy is rather a virtual condition, and the shift towards the mutated or the wild-type variant through selective replication of the corresponding mtDNA molecules may be determined by a myriad of factors (7). With respect to our previous in vivo study (12) , it is worth mentioning that after over two years, the OC patient we thereby presented displayed relapses. It will be interesting to investigate whether subclones free of the mtDNA mutation have generated the secondarisms we observe. Interestingly, the residual mass had also acquired oncocytic features, a phenotype mainly associated to a low proliferative and low aggressive behavior, whose univocal genetic hallmark are deleterious mtDNA mutations (11) . Oncocytic tumors have been often considered somewhat ambiguous entities due to their quiescent, yet chemoresistant phenotype, such as for instance in the thyroid, where they are suggestive of a poor prognosis on the basis of such resistance (10) . In this paper we have attempted to link the occurrence of mtDNA mutations to the effects that a decreased metabolic activity has on the cells' ability to proliferate, migrate and invade, all hallmarks of aggressive cancers. The decrease of such potential, like in oncocytic tumors, has as a drawback an increased resistance to specific anti-cancer drugs.
In conclusion, we depicted a novel mechanism of chemoresistance and suggested that caution is warranted in the use of combinatorial therapies. An efficient therapy should also target metabolically less active dormant cells that have acquired mtDNA mutations, which survive through compensatory mitochondrial biogenesis, as in oncocytomas (10) . Hence, a potential way to circumvent the acquisition of a resistant phenotype when mtDNA mutations are the main determinants may stand in the use of inhibitors of mitochondrial biogenesis, as it has already been suggested for relapsing melanomas (26) . In such cases, blocking this biological process may prove to be lethal for quiescent subclones and prevent relapses. While these strategies become increasingly suggested to treat human neoplasms, mtDNA genotyping ought to be exploited to help predicting the response to pharmacological treatments in diagnostic procedures, particularly in light of the widespread use of deep sequencing technologies, which render whole mtDNA sequencing quick and inexpensive.
Materials and Methods

Human cancer cell lines
Human cell line 2008 of gynecologic origin and its cis-Ptresistant subline C13 generated by growth in 1mM cis-Pt for 13 months were a kind gift of Dr. G. Marverti (University of Modena and Reggio Emilia, Italy) (14) . The C13 hom subline was obtained by dilution cloning. 2008, C13 and C13 hom cell lines were grown in RPMI 1640 medium, supplemented with 10% FBS (Fetal Bovine Serum), L-glutamine (2mmol/L), penicillin (100 units/ml) and streptomycin (100 mg/ml), in a humidified incubator at 37 C with 5% CO 2 . The 2008 and C13 cell lines were used and mtDNA-genotyped in Catanzaro et al (14) . We here reported the same mtDNA genotype after mtDNA resequencing, which served as an authentication for these cell lines. The mutation load of both C13 and C13 hom cells was checked at every experiment by collecting aliquots and extracting total DNA. Heteroplasmy evaluation was performed each time by Sanger sequencing and, whenever necessary, by DHPLC as described.
Transmitochondrial cell hybrids (cybrids) generation
Cybrids were generated following a previously described protocol (27) . Cybrids carried 143B.TK-osteosarcoma nucleus and C13 and C13 hom mitochondria. Homoplasmic and heteroplasmic versions, here referred to as HC13 and HC13 hom , respectively, were grown in DMEM (Dulbecco's Modified Eagle Medium), supplemented with 10% FBS, L-glutamine (2 mmol/L), penicillin (100units/ml), streptomycin (100 mg/ml) and uridine (50 mg/ml) in a humidified incubator at 37 C with 5% CO 2 . To authenticate cybrid cell lines, the occurrence of the known TP53 mutation g.13055G > C harbored by the parental 143B.TK-cells was verified by PCR and Sanger sequencing (11) . Coexistence of the TP53 mutation along with the two mtDNA mutations of C13 unequivocally identified cybrids.
Nucleic acid extraction and whole mtDNA amplification, sequencing and mutation screening
Whole genomic DNA was extracted using Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, #G1N350) according to the manufacturer's protocols. Sanger sequencing of the entire mtDNA was performed following a quality-check protocol as Table 2 . TCA cycle and Regulation of Actin Cytoskeleton are the altered functional gene ontology (GO) categories between homo-and heteroplasmic cell lines. Protein dataset was subjected to KEGG pathway enrichment analysis using the software DAVID (david.abcc.ncifcrf.gov). Three proteins/genes of our list were included in the TCA cycle GO category (P ¼ 1.7 Â 10
À2
) and five were included in the Regulation of Actin Cytoskeleton GO category (P ¼ 9.1 Â 10
À3
). Proteins are listed using the accession number in Swiss-Prot/UniprotKB (www.uniprot.org/) Pathway Count Involved genes p-value Benjamini
Regulation of actin cytoskeleton 5
9.1e-3 3.1e-1
Citrate cycle (TCA cycle) 3
1.7e-2 3.0e-1 previously described (28) . Mitochondrial DNA mutations were confirmed using a second PCR reaction. FASTA files were used as input for MToolBox (29) in order to annotate mitochondrial variants and related features, which read mapping, postmapping processing, genome assembly, haplogroup prediction and variant annotation. Amino acid variability is also considered if the variant site is codogenic (30) . Nucleotide site-specific variability was estimated on the multi-alignment of the updated healthy genomes reported in HmtDB (31).
Denaturing high performance liquid chromatography (DHPLC)
Following PCR amplification, samples were analyzed by WAVE Nucleic Acid Fragment Analysis System (Transgenomic). Primers used for the m.8156G > T/MT-COII mutation were: FW-5'-CGACTCCTTGACGTTGACAA-3' and RV-5'-GCTTTACAGGGGC TCTAGAG -3. Primers used for the m.13828C > T/MT-ND5 mutation were: FW-5'-CGCTTCCCCACCCTTACTAA -3' and RV-5'-CGGTGTGTGATGCTAGGGTA -3'. Temperature optimization and sample analysis were performed by Navigator Software version 2.0. (Transgenomic). The standard and unknown samples were analyzed in the same running assay as previously described (32) .
Cell viability measurements
Cell viability for HC13/HC13 hom was measured by the Sulforhodamine B (SRB) assay (Sigma-Aldrich, #S1402). SRB was used for cell density determination, based on the measurement of cellular protein content, as previously detailed (8) . Cell viability for C13/C13 hom was measured by Trypan Blue (Sigma-Aldrich #T8154).
After the staining with Trypan Blue, cells were counted with an optical microscope using a Neubauer hemocytometer. Cells were seeded in 24-well plates (1Â10 4 cells/well) in complete medium, after 24 h cells were washed twice in PBS and incubated in different media. To evaluate cytotoxicity different concentrations of PTX (StressMarq, Bioscience Inc., #SIH-239) and carboplatin (Hospira) were used, depending on the nuclear background of cell lines. Cell viability was measured after 24, 48 and 72 h. IC50 was calculated after 72 h as the concentration that results in a 50% decrease in the number of cells compared to that of the untreated control.
Anchorage-independent colony formation assay
Anchorage-independent cell growth was determined for C13/ C13 hom in 0.33% agarose with a 0.5% agarose underlay. Cell suspensions (2Â10 4 cells per 32-mm dish) were plated in duplicate in semisolid medium (growth medium 10% FBS plus agar 0.33%) in absence or presence of PTX (1nM) and incubated at 37 C in a humidified 5% CO 2 atmosphere (33). Colonies were counted after 10 days at a magnification of 10Â with an inverted microscope (Nikon Diaphot, Nikon Instruments). Plate pictures and magnifications were obtained with Gel Logic 1500 molecular imaging apparatus (Kodak, Rochester). The percentage of residual colonies after PTX treatment was calculated as the number of colonies normalized to untreated controls for each cell line.
Clonogenic assay
Anchorage-dependent cell growth was determined for C13/ C13 hom . Cell suspensions (500 cells per 32-mm dish) were plated in duplicate in absence or presence of PTX (1nM) and incubated at 37 C in a humidified 5% CO 2 atmosphere. Colonies were fixed, stained, and analyzed after 7 days.
Clonogenic assay with antioxidants
The effect of antioxidants on colony formation was evaluated by treating cells with glutathione (GSH -10mM; Sigma-Aldrich, #G6529), ascorbic acid (100mM; Merk Millipore, #100468) and TROLOX (1mM; Sigma-Aldrich, #238813) alone or in combination with 1nM PTX. Colonies were fixed, stained, and analyzed after 7 and 14 days (for C13 and C13 hom respectively), to allow C13 hom colonies to reach the same size as C13 and allow adequate comparison. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
Apoptotic cell death determination
OCR and ECAR were measured using the Seahorse XFe24 Extracellular Flux Analyzer (Seahorse Bioscience) as previously described (33) . Mitochondrial respiration was evaluated using the Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience, #103015-100), whereas glycolysis was determined by the Seahorse XF Glycolysis Stress Test Kit (Seahorse Bioscience, #103020-100) following the manufacturer's instructions. Cells were seeded (3Â10 4 cells/well) into XFe24 cell culture plate and allowed to attach for 24 h. Three measurements of OCR/ECAR were obtained following injection of each drug and drug concentrations optimized on cell lines prior to experiments. At the end of each experiment, the medium was removed and SRB assay was performed to determine the amount of total cell proteins as described above. OCR and ECAR data were normalized to total protein levels (SRB protein assay, Sigma-Aldrich, #S1402) in each well. ) production in a buffer containing 320mM glycine, 320 mM hydrazine, 2.4 mM NAD þ and 2U/ml L-lactic dehydrogenase (LDH, Sigma-Aldrich, #L1006) as previously described (8) . Data are expressed as pmoles of lactate produced by 1000 cells.
ATP synthesis assay
The rate of mitochondrial ATP synthesis driven by CI, CII and CIII was measured in digitonin-permeabilized cells as previously described (34) . Chemiluminescence was determined as a function of time with Sirius L Tube luminometer (TitertekBerthold, Pforzheim, Germany). The chemiluminescence signal was calibrated with an internal ATP standard after the addition of 10 lM oligomycin. The rates of the ATP synthesis were normalized to protein content and citrate synthase (CS) activity (35) . 
Evaluation of ROS levels
Metabolomics
Metabolite concentrations were evaluated with Carcinoscope analysis (Human Metabolome Technologies, HMT) which uses capillary electrophoresis coupled to time of flight/triple quadrupole mass spectrometry and provides absolute quantification of 116 targeted metabolites. Metabolites were extracted using 100% methanol supplemented with 550 ul of Internal Standard Solution provided by HMT from 2 to 5 million cells seeded on 90mm plate. The metabolite concentrations were normalized to the number of viable cells.
2-DE isolation and protein identification by mass spectrometry (MS)
Cell pellets were resuspended in lysis buffer containing 7M urea, 2M thiourea, 4% CHAPS, protease inhibitor cocktail, 1mM sodium orthovanadate, 10 mM sodium fluoride and sonicated on ice for three rounds of 10'', and processed as previously described (36) . Briefly, protein samples (80 lg) were diluted up to 250 ll with rehydration buffer (lysis buffer, 65 mM DTT and 0.5% v/v IPG buffer) and applied to IPG strips (13 cm, pH 3-10 NL). Isoelectric focusing (IEF) and second dimension were performed with IPGphor IEF and Hoefer SE 600 Ruby electrophoresis (GE Healthcare). The IPG-strips were loaded and run on a 12% sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) gel at constant current of 20mA/gel. Gels were fixed overnight in a fixing solution and stained. Gels were scanned by Image Master scanner at 300dpi and analyzed by Image Master software 5.0. The analysis was performed by comparing the volume% (vol%) of each spot, expressed as percentage of the spot volume over the total volume of all spots in the gel. Significant differences in protein levels were determined by Student's t-test. Differentially expressed proteins were identified by MS/MS. In detail, spots of interest were dehydrated with 50 ll acetonitrile for 10' and subjected to in-gel digestion as previously described (37 
Western blot analysis
Whole proteins were extracted in RIPA buffer (Cell Signaling, #9806) and quantified by the Bradford protein assay (BIORAD, #5000006). Samples were separated by 12% SDS-PAGE and transferred to the Hybond ECL nitrocellulose membrane. After blocking, the membranes were probed by the appropriately diluted primary antibodies for 2 h at room temperature and subsequently, after opportune washes, were incubated with secondary antibody horseradish peroxidase-conjugated for 2 h at room temperature (1:2000 dilution). Immunoblots were developed using the ECL system. The antibodies used were: mouse monoclonal anti-Ecadherin 1:1000 (Santa Cruz Biotechnology, #sc-71009) (38) , mouse monoclonal anti-N-cadherin 1:1000 (Santa Cruz Biotechnology, #sc-59987) (38) , mouse monoclonal anti-a- 
Wound healing assays
Cells were cultured to confluence in 6-well plates. Under aseptical conditions a thin wound was induced by scratching with a 200ml pipette tip and detached cells were rinsed with PBS. Using a phase contrast set up and a 10Â magnification wound healing was continuously monitored by video camera to identify invading cells at different time points ( 
, anti-rabbit AlexaFluor488 1:500 (Invitrogen, #A-11034). Actin staining was performed with Actin-Stain 555 phalloidin (PHDH1, Cytoskeleton) (48) . Subsequently, cells were imaged by using a confocal microscope Zeiss LSM 700 (Germany). DAPI was excited with the 405nm laser diode and emission was collected from 415nm to 500nm. Anti-rabbit AlexFluor488 was excited with a 488nm argon laser and emission was collected from 510nm to 550nm. TRITC of Actin-Stain 555 was excited with a helium-neon laser for excitation at 555nm and emission was collected from 560 to 615nm. Images were taken with a Plan -Apochromat 63Â/1.40na oilimmersion objective and a pinhole aperture of 1 Airyunit. Cells with Golgi structures located in the upper/lower third of the cell facing the wound were considered as polarized. The orientation of the Golgi was evaluated on 100 cells for cybrids and 50 cells for OC models.
Statistics
The evaluation of statistical significance was defined using a two-tailed Student's t-test unless otherwise indicated.
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